Purpose To investigate the expression of endoplasmic reticulum (ER) stress-related genes, glucose-regulated protein 78 (GRP78) and growth arrest DNA damage-inducible gene 153 (GADD153)/CPEBP homologous protein (CHOP), in rat retinal detachment (RD) model. Materials and methods At various time points after RD, the apoptosis of retinal cells was detected by TdT-mediated fluorescein-16-dUTP nick-end labelling (TUNEL) assay; GRP78 and GADD153 mRNA levels were detected by reverse transcription (RT)-PCR; proteins were detected by western blotting analysis; protein distributions in the retinal cells were observed by immunofluorescence using laser-scanning confocal microscope. Results After RD, the apoptosis was peaked on 2-4 d and then dropped down. The GRP78 mRNA and GADD153 mRNA levels in RD groups on 0.5, 1, 2, and 4 d were all significantly higher than those in the control group (Po0.05). The expression of GRP78 mRNA peaked on 1-2 d after RD. Expression of GRP78 protein was significantly higher than that in the normal control group on 0.5, 1, 2, 4, 8, 16, and 32 d after RD (Po0.05). The expression of GRP78 protein was observed in all the layers of retina in the RD groups, and peaked on 8, 16, and 32 d. The expression of GADD153 protein, mostly in photoreceptor layers, was significantly higher than that in the control group on 0.5, 1, 2, and 4 d after RD (Po0.05). Conclusions ER stress-related markers, GRP78 and GADD153, are elevated after RD.
Introduction
Retinal detachment (RD) is a common cause of human visual impairment. Although the anatomical success rate of retinal reattachment surgery has been greatly increased over the past few years to approximately 90%, the recovery of visual function remains unsatisfactory due to post-RD neuroretinal cell loss. [1] [2] [3] Photoreceptor apoptosis was held responsible for neuroretinal cell loss in both animal RD models and in clinical research. [4] [5] [6] [7] Traditionally, cell apoptosis has two major pathways: the death receptor-mediated pathway and mitochondrion-mediated pathway. Earlier studies mainly focused on the mitochondrion-mediated pathway; the existence of mitochondrion-mediated pathway has been confirmed in the apoptosis of photoreceptors whereby the inhibition of key factors in above pathway prevented the photoreceptors from apoptosis. [8] [9] [10] However, the inhibitors can only partly rescue photoreceptors, suggesting the existence of other pathways for the apoptosis process after RD.
Endoplasmic reticulum (ER) stress is caused by a number of biochemical and physiological stimuli that result in the accumulation of unfolded proteins in the ER lumen. 11, 12 ER stress has been proven as a self-protection mechanism of cells; it can restore the homoeostasis within ER. However, excessively strong or long-time ER stress can lead cell apoptosis, namely ER stress-mediated cell death. 13 Recently, ER stress-mediated apoptosis pathway has been proven to play a crucial role in the degenerative pathophysiology of neurodegenerative disorders, [14] [15] [16] [17] [18] retinitis pigmentosa, and other eye diseases. [19] [20] [21] [22] Masamitsu Shimazawa and colleagues 23, 24 found that ER-stress played a pivotal role in RGC death. Glucose-regulated protein 78 (GRP78) and growth arrest DNA damage-inducible gene 153 (GADD153) are two key markers of ER stress. They represent two different mechanisms during ER stress: GRP78 is involved in the unfolding protein reaction and the protection mechanism during ER stress; GADD153 is involved in injury mechanism induced by excessive ER stress. 11, 12, 25, 26 The upregulation of the above two markers is an indication of ER stress. The aim of this study is to investigate the expression of the above two markers in RD model and its association with the apoptosis of retinal cells, in an attempt to discuss the involvement of ER stress-mediated apoptosis in post-RD visual impairment.
Using reverse transcription (RT)-PCR, western blotting, and immunofluorescence techniques, we investigated the mRNA and protein expression of GRP78 and GADD153 in the retinas of rat RD model at different time points; meanwhile, we also examined the apoptosis of retinal cells at corresponding time points. We found that the two markers were elevated after RD and the elevation of GADD153 was associated with the apoptosis of retinal cells in RD model, indicating that RD stressmediated apoptosis is likely to participate in the post-RD visual impairment.
Materials and methods

Establishment of retinal detachment
Eighty-eight healthy Wistar rats, weighing 280-300 g and aged 7-8 weeks, were provided by the Laboratory Animal Center of the Affiliated First People's Hospital of Shanghai Jiaotong University. The animals were handled in accordance with the Statement of Association for Research in Vision and Ophthalmology for the Use of Animals in Ophthalmic and Vision Research. The rats were randomly divided into two major groups, namely, the normal control group (N ¼ 4) and the RD group (N ¼ 84); the latter were further divided into 7 subgroups according to different periods after RD induction: 0.5, 1, 2, 4, 8, 16 and 32-d RD groups (N ¼ 12). RD model was created in the left eye of the rats by subretinal injection of 10 mg/ml sodium hyaluronate (AWTMZSN, Bausch & Lomb Freda, Jinan, SD, China) as described earlier. 6, 9 Briefly, the rats were anesthetized with an intraperitoneal injection of 10% chloral hydrate and their pupils were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride eye drop (Santen Pharmaceutical Co. Ltd, Osaka, Japan); the sclera was punctured at approximately 1.5 mm posterior to the limbus with a 30-gauge needle with special caution taken to avoid damaging the lens, the needle was slowly advanced into the vitreous cavity through the sclerotomy, and then to the subretinal space by producing a small hole in peripheral retina. Sodium hyaluronate was slowly injected until the neurosensory retina almost totally detached from the underlying retinal pigment epithelium. RD was confirmed by surgical microscope in every animal. Reproducible and circumscribed blebs of RD were created and remained essentially stable during the time of study (32 d).
TdT-mediated fluorescein-16-dUTP nick-end labelling assay
Eyes were immediately enucleated, fixed with 10% formalin and embedded in paraffin. 5 mm thick transverse sections were prepared with the lateral tissues (within 2-4 PD) of the posterior pole of optic disc. The apoptotic cells were detected by TdT-mediated fluorescein-16-dUTP nick-end labelling (TUNEL) assay. The assay was performed using the Apoptosis Detection System, Fluorescein (Promega, Madison, WI, USA), according to the manufacturer's protocol. Retinal sections were stained with propidium iodine (PI) (1 : 3000, Molecular Probes, Eugene, OR, USA) to reveal cell nuclei. Laser-scanning confocal microscopy (LSM 510, Zeiss, Jena, Germany) was used to determine the numbers of TUNEL-positive cells within 1.0-1.5 mm of optic disc and the PI-positive cells; LSM 510 Expert Mode SP2 software was used to calculate the percentage of apoptosis (TUNEL/PI).
Semiquantitative reverse transcription-polymerase chain reaction analysis
Samples of rat retina were quickly frozen in liquid nitrogen. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from 2 mg total RNA in 20 ml reaction mixture using a RT-PCR kit (Invitrogen) according to the manufacturer's protocol. Samples of cDNA were subjected to GRP78, GADD153 amplification with GAPDH as a housekeeping gene. The primers used were as below: Reactions were performed in 30 ml volume containing 1 Â PCR buffer, 2 mM MgCl 2 , 0.33 mM dNTP mixture, 1 mM of each amplification primer, 2 U Taq polymerase, and 2 mml RT products. The intensity abundance of PCR products in gel photographs was measured using Bandscan software.
Western blot analysis
The retinas were homogenized and lysed with buffer containing 1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 0.25% sodium deoxycholate, and a protease inhibitor tablet, Complete Mini (Roche Molecular Biochemicals, Mannheim, Germany), at 41C. The protein concentration was then determined by Coomassie blue dye-binding assay (Bio-Rad, Marnes La Coquette, France). The lysates were subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis using a 12% Tris-glycine gel (Invitrogen). After electrophoretic separation, the proteins were transferred to nitrocellulose membranes (Whatman, Maidstone, UK). The membranes were blocked for 30 min at room temperature using a blocking solution containing 5% skim milk powder and 0.1% Tween-20 in Tris-buffered saline (pH 7.4), and then incubated with antibodies against GRP78 (1 : 200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and GADD153 (1 : 100; Santa Cruz Biotechnology) overnight at 41C, and against b-actin (1 : 50000; Sigma-Aldrich Chemical Co., St Louis, Mo, USA) for 60 min at room temperature. Membranes were then washed thrice and incubated with horseradish-peroxidase-labelled secondary antibody (1 : 3000; Santa Cruz Biotechnology) for 1 h at room temperature. Bands were visualized by chemiluminescence (ECL; Amersham Pharmacia Biotech, Piscataway, NJ, USA), according to the manufacturer's instructions and were exposed to X-ray film. The density of the signal was quantified using Bandscan43 software and protein expression levels were normalized for b-actin.
Immunofluorescence
Immunofluorescence was performed on sections obtained from RD tissues or from controls. Sections were treated with 50 mg/ml trypsin. Each section was incubated for 30 min in PBS containing 5% skim milk to block non-specific binding, followed by incubation with antibodies against GRP78 (1 : 50, Santa Cruz Biotechnology) or against GADD153 (1 : 50, Santa Cruz Biotechnology) overnight, at 41C. Sections were then incubated with Envision goat-anti-rabbit IgG HRP polymer (Dako, Carpinteria, CA, USA) for 1 h at room temperature. Signals were amplified with tyramide signal amplification-biotin system (Perkin-Elmer, Boston, MA, USA). Following this, all sections were incubated with streptavidin Alexa Fluor 488 conjugate (1 : 500, Molecular Probes), for 30 min in the dark. The sections were stained with PI for 15 min in the dark to illustrate retinal cell distribution and to clear retinal layers such as outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL). Laser-scanning confocal microscopy was used to observe and count the number of GRP78, GADD153-positive cells and PI-stained cells in ONL at 1.0-1.5 mm from the optic disc. Percentage of positive cells for PI-stained cells was calculated by LSM 510 Expert Mode SP2 software.
Statistical analysis
The data are presented as the mean ± SD. Analyses were performed by computer (SPSS 10.0 for windows; SPSS Inc., Chicago, IL, USA). If the data met normal distribution and variances were equal, Student's t-test or one-way ANOVA was used to analyse the mean of each group. Student-Newman-Keuls test was used to determine the pairwise comparison among the means of multiple samples. If the data did not meet normal distribution or the variances were not equal, Mann-Whitney test or Kruskal-Wallis test was used. A P value less than 0.05 was considered statistically significant.
Results
Ocular fundus
No obvious haemorrhage or infections were observed after subretinal injection of sodium hyaluronate in rats. Shallow RD was still kept on 32 d after injection.
Apoptosis
No TUNEL-labelled cells were found in the normal control group. TUNEL-labelled photoreceptor cells appeared at 0. 
GRP78 and GADD153 mRNA expression
The quality and purity of total RNA were confirmed by 1% agarose electrophoresis and 260/280 nm absorbance.
The overall Kruskal-Wallis test showed that the difference among all groups was statistically significant (P GRP78 o0.0005; P GADD153 ¼ 0.001). The t-test was then used to make comparisons between the RD groups and the control group.
The expression of GRP78 at 0.5, 1, 2, and 4 d after RD was higher than those in the control group. The difference is statistically significant. 
GRP78 and GADD153 protein expression
The proteins of GRP78 and GADD153 were detected by western blotting assay (Figure 3a) . The ratios of the optical density of GRP78 band/b-actin band and GADD153 band/b-actin band were calculated. The overall one-way ANOVA test showed that the difference among all groups was statistically significant (P GRP78 o0.0005; P GADD153 o0.0005). The GRP78 protein levels at all time points post RD were higher than that in the normal control group, peaked at 8, 16, and 32 d (P 0. 
Immunofluorescence staining of GRP78 and GADD153
GRP78-positive and GADD153-positive cells were rarely identified in the retina in the normal control group. At all the time points after RD, GRP78-positive cells could be observed, mainly located in the ONL, INL, and GCL (Figure 4a ). GRP78-positive cell count peaked on 8, 16 and 32 d after RD. The GADD153 staining was observed in cells located in the ONL, which appeared on 0.5, 1, 2, and 4-d post RD (Figure 4b) . Then there was an obviously decrease in GADD153-positive cell number. The one-way ANOVA test showed that the differences of GRP78-positive and GADD153-positive cell counts between all groups were statistically significant (P GRP78 o0.0005; P GADD153 o0.0005) (Figure 4c ).
Discussion
In this study we successfully established RD model in rats by subretinal injection of sodium hyaluronate. Using RT-PCR, western blotting assay, and immunofluorescence staining, we found that GADD153 and GRP78, two important markers of RE stress, were elevated in retinal sections at different time points after RD; meanwhile, TUNEL results revealed that the retinal cell apoptosis was temporally and spatially correlated with GADD153, which imply that ER stress occurs after RD and ER-associated death is very likely to be involved in the post-RD visual loss.
We found that the apoptosis of photoreceptor cells occurred on 0.5 d after RD, peaked on 2-4 d after RD and dropped down to a low level on 8 d after RD; the apoptotic cells mainly located at the ONL, which was comparable with that reported earlier. [4] [5] [6] [7] Meanwhile, we also noticed the increased expression of GADD153 protein, which peaked at 0.5, 1, 2, and 4 d after RD. Spatially, the GADD153-positive cells were only found in ONL, in which most of apoptotic cells presented. There was coherence between retinal cell apoptosis and expression of GADD153 in rat RD model, both temporally and spatially.
We found that GRP78, a stress protein on ER and an important marker for the protection mechanism of ER stress, was elevated after RD. Stresses like oxygen deficiency, low glucose, and low Ca 2 þ can lead to disruption of protein metabolism in cells; then accumulation of unfolded protein response (UPR) elevates GRP78 expression to maintain the ER homoeostasis by improving the synthesis and transportation of protein. 27, 28 Recent studies revealed that UPR played an important role in neurodegenerative disorders, such as Alzheimer's disease, but few reported the role of UPR in retinal diseases. In our study, expression of GRP78 mRNA was observed on 0.5 d after RD and peaked on 1-2 d after RD. Western blotting showed that the expression of GRP78 protein peaked on 8, 16, and 32 d after RD. Immunofluorescence showed that the GRP78-positive cells were distributed in all layers of retina and peaked on 8, 16, and 32 d after RD. The elevation of GRP78 after RD means the activation of the protection mechanism of the ER stress. The existence of protective mechanism against apoptosis during ER stress after RD, provides us a window of opportunity for recovery of visual function before the occurrence of irreversible widespread damage. How to promote the protection mechanism of ER stress and attenuate injury mechanism after RD is a potential interest of study in the future.
Elevation of GRP78 expression indicated the activation of ER stress after RD. Interestingly, the peaks of GRP78 protein and mRNA were not compatible in our study. The reason might be as following: more GRP78-positive cells survived due to the protection mechanism of UPR; although the expression of GRP78 mRNA was no longer elevated, the degeneration of GRP78 protein was slower than that of GRP78 mRNA; the residual protein could still be detected and accounted for a high percentage. Immunofluorescence results also confirmed that during the late stage of RD, the number of GRP78-positive cells per area still increased, although the absolute number of GRP78-positive cells had no obvious increase, which may also serve as an evidence for the protective effect of GRP78 on retinal cells.
In addition to elevation of GRP, GADD153 was also elevated on 0.5, 1, 2, and 4 d after detachment. GADD153, also called growth arrest DNA damage-inducible gene 153 or CPEBP homologous protein (CHOP), was first reported as a molecule involved in ER stress-induced apoptosis in 1996. The expression of GADD153 is low under non-stressed conditions and shows a marked increase in response to ER stress at the level of transcription. Overexpression of GADD153 was reported to promote cell-cycle arrest and/or apoptosis, and deficiency of GADD153 could protect cells from ER stress-induced apoptosis, indicating that GADD153 plays an important role in the induction of ER stress-related apoptosis. 26, [29] [30] [31] [32] Therefore, the elevation of CHOP/ GADD153 in this study not only indicates the activation of ER stress after RD, but also suggests the involvement of ER stress in retinal cell apoptosis. Some specific issues about the mechanism of ER stress remain unclear, this study detected changes of the above two major markers involved in the protection and damage mechanisms of ER stress, and confirmed the participation of ER stress in the post-RD pathogenesis; meanwhile, we also obtained a preliminary evidence for the involvement of ER stress in photoreceptor apoptosis after RD. However, to elucidate the specific mechanisms by which ER stress participate in the cell loss after RD, we need to conduct further interventional studies such as the chances of cell loss after inhibition of ER-mediated apoptosis and the control of UPR.
Although there are some unanswered questions, data from this study suggest that ER stress occurs after RD and ER stress-mediated pathway should be considered as a potential mechanism for apoptosis of photoreceptor cells after RD, which may provide a new strategy for visual rescue after RD.
